Abstract. This study analyzes the characteristics of GPS tropospheric estimates (Zenith Wet Delays, and gradients, and post-fit phase residuals) during the passage of Mesoscale Convective Systems (MCSs) and evaluates their sensitivity to the research-level GPS data processing strategy implemented. Here, we focus on MCS events observed during the monsoon seasons of West Africa. This region is particularly well suited 10 because of the high frequency of occurrence of MCSs in contrasting climatic environments between the Guinean coast and the Sahel. This contrast is well sampled data with the six AMMA GPS stations. Tropospheric estimates for 3-year period (2006)(2007)(2008), processed with both GAMIT and GIPSY-OASIS software packages, were analyzed and inter-compared. First, the case an MCS which passed over Niamey, Niger, on 11 August
variability we computed sub-daily and sub-hourly variability estimates. To quantify the sub-daily (i.e. diurnal) variability, we subtracted a 1-day moving average from the hourly time series and then computed daily standard deviations. The sub-hourly variability was quantified in a similar way by subtracting the hourly time series from the 5-min time series. Figure 3b and 3c show that the sub-daily and sub-hourly variability in ZWD estimated with GIPSY-OASIS dramatically increases during the wet season. The GAMIT solution presents very similar 25 behavior for the sub-daily variability (not shown), but careful inspection of the 30-day smoothed time series in Fig. 3b shows that the GAMIT solution exhibits slightly larger sub-daily variability than GIPSY-OASIS during the wet season. This can be explained by random ZWD biases induced by mis-modeling. Indeed, the tropospheric modeling used in the GAMIT software does not take into account the sub-daily variations of the gradients nor the sub-hourly variations of ZWD. The effect is therefore more pronounced during the wet season 30 because of higher tropospheric variability in these parameters as shown in Fig. 3c and Fig. 4 (and further analyzed on a case study in Section 3).
Tropospheric gradients show a strong seasonality in phase with the WAM (Figs. 4a, b) . The daily averages of gradients are in good agreement between the two software (not shown) with a mean difference smaller than a one-tenth of a millimeter and a standard deviation smaller than 0.22 mm due to biases induced by the un-35 modeled sub-daily variability. The sub-daily variations of the gradients estimated with GIPSY-OASIS can be quite large (up to 2 mm), with an average standard deviation of around 0.6 mm in both components, during the Atmos. Chem. Phys. Discuss., https://doi.org/10. 5194/acp-2018-1242 Manuscript under review for journal Atmos. Chem. Phys. At 7° of elevation, an uncertainty of the order of 1.5 mm on the ZWD during the JJAS periods (see Fig. 3c for the 1D-STD of "5-min ZWD -MA 1H ") leads to an uncertainty of 12 mm on the slant tropospheric delay (STrop-D) using the GMF (Boehm et al., 2006a) . Failure to take into account the hourly variations of the gradient 5 of the order of 0.6 mm leads to an uncertainty on the S-Trop-D at 7° of elevation of around 33 mm using the specific mapping function of Chen and Herring (1997) . Neglecting the sub-hourly variations of the gradient (of the order of 0.2 mm) leads to an uncertainty of about 11 mm on the STD. Thus, the global uncertainty on the STrop-D induced by these defects of tropospheric modeling in the setting of the GPS data processing with the GAMIT software is evaluated at 37 mm on the S-Trop-D (i.e. 4.7 mm on ZTD if projected back to zenith using 10 the GMF mapping function) during the wet season. During DJFM periods, the global uncertainty on the S-Trop-D is evaluated at 16 mm (i.e. 2 mm on ZTD) with 0.9 mm, 0.25 mm and 0.09 mm as uncertainties on ZWD, hourly and sub-hourly variations of the gradient respectively. Tropospheric mis-modeling map onto the GPS phase residuals and its effects are moduled by the season what leads to a seasonal variation of the Weighted Root Mean Square (WRMS) of the post-fit phase residuals. 15
WRMS of GPS phase residuals
Post-fit phase residuals of the ionosphere-free observations are traditionally inspected to check the quality of GPS observations and models. Usually, the quality of the data processing of each session (24h or 30h) is summarized in the WRMS of all residuals of the session which is computed by the software. With GAMIT, the daily WRMS of phase residuals fluctuates around a median of 12.1 mm with a median absolute deviation 20 (MAD) of 2.4 mm, over the entire period and all stations. Over the same period, with the GIPSY-OASIS software, the median is 10.4 mm with a MAD of 1.1 mm. The statistics are very similar, indicating that on average the solutions from both software are equivalent, though the results suggests that the data processing implemented in GIPSY-OASIS is slightly more accurate.
We know from the previous sections that the mis-modeling of tropospheric variability with GAMIT is 25 exacerbated during the wet season. Figure 5 shows the time series of daily WRMS of post-fit phase residuals at three stations for both software. The contrast in WRMS between the wet and dry season is very marked in GAMIT at all three sites (e.g., 12 mm vs. 8 mm on average at Timbuktu). The use of only one tropospheric gradient per session of 24 hours during the wet season is less suitable for tropical stations: the unmodeled tropospheric anisotropy is thus mainly reflected by the behavior of the GPS phase residuals. With GIPSY-30 OASIS, there is a small seasonal variation as well, indicating that during the wet seasons some modeling defects may persist (e.g. higher order tropospheric anisotropy not modeled by tropospheric gradient parameters and signal scattering from the ground, so called multipath, which depends on soil moisture (e.g. Larson et al., 2008) ).
During the dry season, the WRMS from GAMIT and GIPSY-OASIS are equivalent at the Sahelian stations (Timbuktu and Niamey in Fig. 5 ) which indicates that the tropospheric model parameterization used in GAMIT 35
(1 ZWD every hour and 1 gradient every 24h) is adequate.
Overall, the analysis of the annual cycle presented in Section 2 emphasizes a strong increase of the sub-daily variability of GPS tropospheric estimates (ZWD and gradients) and post-fit phase residuals during the wet Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1242 Manuscript under review for journal Atmos. Chem. Phys. The two parts of the MCS are easily identifiable: the convective part with a reflectivity above than 37 dBZ (in yellow, orange or red) and the stratiform part, more extended, with a reflectivity lower than 37 dBZ, mainly in 15 green. The GPS phase residuals superposed in the figure are discussed later in subsection 3.3.
3.1
Meteorological surface data sensor at 15-min sampling (red dashed lines) between 00:00 UTC and 08:00 UTC. These sensors are collocated 20 with the AMMA GPS station on the Niamey airport site. The ARM-MF data are preferentially used for this case study because of their accuracy and their higher temporal frequency.
Time series of wind speed and direction (Fig. 7a ) allow to precisely detect the arrival of the gust-front preceding deep precipitating convective cells (e.g. Largeron et al., 2015; Lothon et al., 2011) . Provod et al.
(2016) associated the cold pool crossing time (CPCT) with the time of a sudden wind direction change 25 happening within 5 min or less and reaching at least 30° in magnitude. Between 00:00 UTC and 03:03 UTC, the wind speed varies between 1.5 m/s and 3m/s with a few peaks (not exceeding 4 m/s) and a direction ranging from 200° to 250°. Between 03:03 UTC and 03:18 UTC, it is around 2 m/s, then drops to less than 1 m/s at 03:06 UTC, and suddenly jumps to 5.81 m/s at 03:18 UTC while the wind direction changes from 200° to 110°.
The gust-front is detected at 03:16 UTC (Chong, 2010) and the first rainfall is recorded 18 minutes later at 03:33 30 UTC at the arrival of a mature deep convective cell. During this period, the wind speed is significantly higher and ranges from 4 m/s to 6 m/s, then slightly weakens, a few minutes before the first rainfall. The surface temperature rapidly drops, at first from 26.5°C to 24.5°C (Fig. 7b) . Similarly, the relative humidity suddenly and very briefly drops from 74% to 70% within 2 minutes at the CPCT (Fig. 7c) . This time sequence is very typical of the high-frequency fluctuations of surface meteorology observed with the passage of an MCS (e.g. Zipser, 35 1977) . Then, relative humidity increases again to reach a maximum of 76% before the first rainfall. (Fig. 7b) . 5
Likewise, the relative humidity sharply increases to about 92%. From around 04:20 UTC, the trailing part of the MCS produces stratiform rainfall with much lower intensity and much longer duration than convective rainfall:
lower than 1 mm/h over a cumulative period of 94 minutes. The wind speed is then weaker (between 2 m/s and 4 m/s), before it drops to almost 0 m/s, which, with the cessation of rainfall, marks the end of the MCS event.
Surface pressure also fluctuates during the three major steps of the MCS"s life: it increases during the 10 minutes preceding the formation of the convective cell above Niamey; it presents a local maximum during the convective phase and then it slightly decreases during the stratiform phase. The surface pressure sequence is again consistent with previous studies (e.g. Redelsperger et al., 2002) .
Figures 7b, c, and d show that the data retrieved from the PTU200 sensor are in good agreement with data from ARM-MF but the 15-min sampling is not sufficient to detect that the surface temperature drops in two 15 consecutive stages or the sudden and brief drop in relative humidity. There is thus really added value of having the high sampling data from ARM-MF to capture details of the internal dynamics of the MCS. However, such data are only available at Niamey (Niger) for 2006 only. The best way to identify the CPCT with PTU200 data at the other AMMA GPS stations is thus to detect significant drops in surface temperature over a period between 30 minutes to 1 hour followed by strong rainfall (see section 4). 20
GPS estimates
The GPS tropospheric estimates retrieved from the GIPSY-OASIS (black lines) software allows to document the MCS with a 5-minutes sampling rate (Fig. 8) . It includes the estimates from the GAMIT software (red dashed lines). In Fig. 8a , ZWD is retrieved from ZTD which hydrostatic part is computed using 1-min ARM-MF surface pressure data and applying the formula from Saastamoinen (1972) . Figure 8a also shows IWV converted from 25 ZWD using 2-m temperature data and the formula of Bevis et al. (1992) . East and north components of the tropospheric gradients are given in the Figs. 8c and 8d respectively.
Comparing the ZWD estimates retrieved from GAMIT and GIPSY-OASIS (Fig. 8a) , a good agreement can be seen in both solutions, with namely a ZWD peak coinciding with the rainfall event. However, the 5-min sampled ZWD time series from GIPSY-OASIS reveal finer time-scale information. ZWD increases from 315 30 mm at 01:40 UTC to 372 mm at 03:25 UTC, just a few minutes before the first rainfall (Fig. 8a ). It remains above 360 mm from 03:00 UTC to 04:10 UTC, while at the same time, heavy rainfall dries out the atmosphere from 03:33 UTC onwards. Over this period, the equivalent IWV is quite stable, between 55 kg.m -2 and 57 kg.m -2 while around 10 kg.m -2 of water vapor is extracted from the total column by precipitation (Fig. 8b) . The dynamics of the active convective cell involves a convergence of moisture from its immediate environment 35 towards it. Air saturated with water leads to the significant rainfall by 37 min. The stability of IWV is well explained by a balance between moisture convergence and precipitation at first order (this implies very minor contributions of surface evaporation and water phase changes to the water budget at this scale). The equilibrium can be broken, e.g. by mixing with drier air in the immediate environment of the cell and/or by processes related Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1242 Manuscript under review for journal Atmos. Chem. Phys. maximum at the end of the motion of the convective zone through the GPS station, when, once again, the anisotropy of the troposphere around the GPS station is the most pronounced ( Fig. 6d) .At around 05:40 UTC, anisotropy of the stratiform part of the MCS is detected in the northeast direction by gradients, which is confirmed by reflectivity maps (Fig. 6e) . Thus, the tropospheric gradients retrieved from the GIPSY-OASIS software appear to be relevant to contribute to the description of the dynamics of intense weather events such as 20 MCS. Tropospheric gradients retrieved once per 24-hour session from the GAMIT software provide no such information but the examination of the post-fit phase residuals is more informative in this case.
GPS phase residuals
The daily WRMS computed by the software for the sessions covering the 11 August 2006, are 15 mm with GAMIT and 10 mm with GIPSY-OASIS (see sub-section 2.3.2). In this sub-section, we analyze in detail the 25 behavior of the phase residuals during the case study. To do so, Fig. 9 shows the RMS of the GPS phase residuals computed at 15-min sampling (a), the number of GPS observations per epoch (b) and the GPS phase residuals (c) retrieved from the GIPSY-OASIS (black) and the GAMIT (red) software during the MCS event.
With GIPSY-OASIS, the 15-min RMS of the GPS phase residuals exceeds 15 mm between 03:10 UTC and 04:35 UTC during the crossover of the convective cells. It indicates that the tropospheric anisotropy is more 30 complex than can be inferred from gradients, which is confirmed by the GPS phase residuals on the reflectivity maps (Figs. 6c). Indeed at 03:30 UTC, the GPS phase residuals exceed 25 mm in the northeast quadrant, are below -10 mm in the northwest quadrant and between -7 mm and 7 mm elsewhere. Before and after this period between 03:10 UTC and 04:35 UTC, the RMS generally oscillates between 5 and 10 mm. Otherwise, the RMS can be slightly higher due to very few mis-modeled and not deleted GPS observations which produce residuals 35 over 30 mm on absolute value ( Fig. 9c -black dots) . In general, the behavior of the GPS phase residuals reflects the part of the tropospheric anisotropy that cannot be captured by the gradients. It comes out as spatial correlations on their projected skyplots (Figs. 6 & 10) and is reflected as temporal correlations in their time series (Fig. 9c ). Increased scatter in the GPS phase residuals retrieved from GIPSY-OASIS is clearly visible Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1242 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 6 March 2019 c Author(s) 2019. CC BY 4.0 License. during the MCS event (Fig. 9c ) but the 5-min sampling of the GPS data does not make easy to detect their temporal correlations. The number of GPS observations per epoch is usually over 9 and decreases slightly during the entire event but remains above 7 (Fig. 9b) . The small number of observations that are rejected indicates that the chosen settings of the GPS data processing with the GIPSY-OASIS software appear to be adequate to study this kind of extreme weather event. 5
With the GAMIT software, the RMS of the GPS phase residuals computed at 15-min sampling oscillates between 4 mm and 8 mm before and after the MCS event (Fig. 9a) . It skyrockets as soon as a sufficient number of GPS observations cross the MCS from 8 mm to 20 mm at 02:00 UTC to then it oscillates between 11 mm and 22 mm as long as the MCS affects the GPS data. The RMS decreases from over 20 mm at 05:25 UTC to 5 mm at 05:50 UTC while the stratiform part of the MCS is still above the GPS station. Thus, we can assume that the 10 GPS observations that cross the convective part of the MCS are the most disrupted and therefore be poorly modeled during the GPS data processing which leads to higher phase residuals and therefore to higher RMS.
Further understanding of the RMS variation while the MCS affects the GPS data is delicate as up to 50% of the observations per epoch can be rejected as outliers (Fig. 9b -red line) . This loss of data has to be put into perspective: the 30-second sampling of the GPS data processed by GAMIT leads to process 10 times more data 15 than with GIPSY-OASIS and thus much more residuals are available for study ( Fig. 9c -red dots) . Strong deviations in the phase residuals are clearly visible during the MCS event on some satellites as revealed by temporally correlated patterns.
We thus examined the projected GPS phase residuals from GAMIT and superimposed on the reflectivity maps retrieved from MIT"s C-band Doppler radar (Fig. 10) . 20
Assuming a tropospheric thickness of 10 km and a spherical Earth of 6400 km of radius, the GPS phase tropospheric gradients in the previous subsection. Thus, with the GAMIT solution, the tropospheric anisotropy induced by the MCS is mainly reflected in GPS phase residuals and the east-west crossing of the MCS can be detected in the temporal evolution of the extreme phase residuals in the maps of the Fig. 10 . However, for a more quantitative study, the tropospheric gradients retrieved by GIPSY-OASIS would be more accurate. 
Detection of MCS at AMMA GPS stations 5
A crucial step is to define a method to detect properly MCSs based on surface meteorological data. Provod et al.
(2016) used 1-min averaged pressure, temperature, and wind observations from the ARM-MF in Niamey to detect the arrival of cold pools associated with MCSs, which they subjectively verified from the MIT radar and/or Meteosat satellite images. They detected 42 cold pools at during the Special Observing Period (SOP) of the AMMA project (1 June-30 September 2006). Among them, 33 were squall-line MCSs, 4 were non-squall-10 line MCSs, one was from a freshly dissipated MCS and 4 were from local non-MCS convection.
As in Provod"s study (2016), here we use a method of detection of cold pools based on surface meteorological data. These data, available from the PTU200 sensors attached to the AMMA GPS stations include pressure, temperature, and relative humidity (recorded with a sampling rate of 15 minutes), but no wind data. First, we will primarily detect rainfall events and then select those which show a surface air temperature 15 drop characteristics of cold pools arrival ahead of the MCS"s peak rain rate.
The quality of the PTU200 data was first assessed by comparison with the ARM-MF data at Niamey. The mean ± one standard deviations of differences in pressure, temperature, and relative humidity were 0.0 ± 0.1 hPa, 0.4 ± 0.8 °C and 0.6 ± 1.9 %, respectively. The rain rate data were retrieved from the 3-hourly, 0.25 by 0.25° gridded precipitation data (3B42 v6) of the Tropical Rainfall Measuring Mission (TRMM) Multisatellite 20 Precipitation Analysis (Huffman et al., 2007) . The TRMM rain rates were compared point to point to the ARM-MF data at 3-hour sampling (2972 points). Rainfall is detected on 243 points by either TRMM or ARM-MF data but only on 74 points in both data sources. On 169 remaining points, rainfall is observed either only by TRMM but not by ARM-MF or the opposite. In 145 points out of 169 (86%), the rain rate is less than 0.5 mm.h -1 . The 16 remaining points (14%) correspond to more intense rainfall but observed at different times. This result led us to 25 define a rainfall event as an uninterrupted period of precipitation during which the maximum rain rate is larger than 0.5 mm.h -1 .
We detect 27 events using the 3-hour ARM-MF rainfall data during JJAS 2006 and 47 events using the TRMM rainfall data. Among the 27 ARM events, 25 coincided with at least one TRMM rainfall event. The two ARM events not detected by TRMM are of very low intensity and correspond most probably to small local 30
showers. Each event is associated with a start time, a time of maximum precipitation, and an end time. If several rainfall events occur within a 13-hour window they are merged together as we will be mainly interested in MCSs events in which several convective cells can be detected. We keep the rainfall events with average precipitation above 0.5 mm.h -1 and with a peak rain rate above 1 mm.h -1 . This method detects 27 events from the TRMM data and 20 events from the ARM-MF rainfall data. Compared to the first intercomparison, the agreement between 35 the two datasets is thus improved when considering longer and more intense events. The seven TRMM events that do not match with any ARM-MF rainfall event may be due to the difference in spatial representativeness of rainfall between the two datasets: very localized for ARM data and more extended for TRMM data (0.25 ° ~ 30 temperature from the PTU200 (Fig. 11b) . In general, all the detected MCS cases were confirmed from the reflectivity maps of the MIT C-band Doppler radar. One event (14 August 2006) is not detected in the ARM-MF rain rate data. It is actually a propagating cold pool from a freshly dissipated MCS (Provod et al., 2016) . All spotted periods include a sudden increase in the wind speed associated with a sudden change of direction (Fig.  15   11a) , which are the characteristics of the arrival of a cold pool. They also include a pronounced and sudden drop in temperature (Fig. 11b) , an increase in relative humidity (Fig. 11c ) and in ground pressure (Fig. 11d) . This is all consistent with previous studies (e.g. Redelsperger et al., 2002) . There is also a clear peak in ZWD (Fig. 12a) , a signal in tropospheric gradients retrieved from GIPSY-OASIS (Figs. 12b and 12c ) and an increase in 15-min RMS of GPS phase residuals retrieved from GAMIT (Fig. 12d) . Careful inspection of the wind, temperature, 20 tropospheric gradients and phase residuals reveal two potential events with cold pool-like signatures on 30 and 31 August that were not detected because there was no signal in rainfall. One can notice that there is no peak in the ZWD data associated with these potential events (Fig. 12a) . Inspection of the MIT radar data actually shows decaying MCSs for these two cases. 
Composites of meteorological variables and GPS estimates during MCS events in JJAS 2006 to 2008
With the detection method described in section 4.1, we flagged a total of 414 MCSs passing over the six AMMA 30 GPS stations in JJAS 2006 to 2008. The detailed characteristics for each event (start, peak, and rainfall end times, CPCT, temperature drop and precipitation peak and cumulative rainfall depth) are given in the supplemental material. The list includes only events for which both PTU200 and GPS data were available within the 10-hour windows centered on the CPCTs (i.e. a few events may not be documented because of gaps in our data). 35 Table 3 reports the number of events and statistics of surface air variables, precipitation, and ZWD recorded by the six stations. The meridian climatic gradient between the Sahara and the Guinean coast is reflected both in the number of MCS events and the atmospheric variables. The number of events ranges from 31 in Timbuktu to 116 in Djougou, i.e. in a ratio of 1:4. Note that the number of events detected at Tamale is smaller due to failures Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1242 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 6 March 2019 c Author(s) 2019. CC BY 4.0 License.
with the GPS receiver in 2007. The atmospheric environment of these MCSs is characterized with surface air temperature, pressure, and relative humidity, and ZWD. Again, the meridional climatic gradient is clearly reflected in these variables. Surface air temperature and relative humidity range from the very hot (over 34°C) and dry (below 45%) saharo-sahelian climate to milder (below 30°C) and moister (over 69%) sudano-guinean climate. The mean surface pressure is not very informative here as it mainly reflects the altitude of the station, 5 but variability is seen to be stronger at the sahelian sites (Niamey, Gao and Timbuktu). A contrast is also seen in the ZWD values which are below 270 mm at Timbuktu and Gao and above 290 mm at the other sites. ZWD characterizes the total column water vapor which is, as expected, lower on average and with a stronger variability in Mali than at southernmost sites. However, the relative contrast between the ZWD values is not as strong as between the surface relative humidity values. Surface humidity is strongly controlled by surface 10 evapotranspiration (which is a more limiting factor due to relatively low soil moisture content and vegetation The variations are also highly consistent with those observed for the 11 August case study presented in Section 3: a drop in surface air temperature coincident with a jump in relative humidity and in surface pressure, as well 25 as a gradual increase in ZWD peaking slightly after (~30 min) the CPCT. The east gradient component also shows a systematic oscillation across the CPCT, while the north gradient is more stationary throughout the time window. There is a clear increase of the magnitude of all changes around the CPCT with the latitude of the site (along the south-north climate gradient). Surface air temperature (Figs. 13a and 14a ) and relative humidity (Figs. 13b and 14b) do not fluctuate much before and after the CPCT. The magnitudes of relative humidity and surface 30 pressure jumps are coupled with the magnitudes of the temperature drops. They reach over +30% RH and +2 hPa at Gao and Timbuktu, compared to +15-20% and +1 hPa only at Djougou and Tamale. Small trends in these variables can actually be seen after the CPCT at the 4 northernmost sites which reveals a gradual drying and warming of the surface air after MCS"s passage. Figure 14d shows that the ZWD starts to increase five hours before the CPCT at a common rate of around 3 35 mm.h -1 . In the last 30 min before the CPCT, this rate increases, and it is only then that it depends on the latitude of the station. The smallest rates are of 8 mm. southernmost sites. Moisture convergence associated with the propagating MCSs is thus larger in the initially drier saharo-sahelian atmospheres than in the moister Guinean region. At CPCT plus 5 hours, ZWD has generally decreased back to or slightly below its initial value. Though there is a strong moisture convergence associated with the passage of the MCS, the tendency after it is a slightly drier air column, especially in the more arid climate (this is consistent with typical signatures found in sounding data, not shown). The ZWD peak is also 5 narrower from the southern to the northern sites, which suggests faster MCS in the north (again consistent with existing studies, e.g. (Maranan et al., 2018) ).
The isotropic vision of water vapor changes in the atmospheric column described by the ZWD time series is complemented by tropospheric gradients which reflect the horizontal displacement of MCSs around the GPS stations. The east component (Fig. 13e) has a very similar behavior at all AMMA GPS stations. It is very low at 10 CPCT minus 5 hours and slightly increases to show a maximum at the CPCT when the anisotropy of the troposphere around the GPS station is the most pronounced. Then it decreases rapidly to present a minimum in one to two hours following the CPCT which corresponds to the east-west crossing of the convective part of the MCSs. After this minimum, the east component tends to return to a value close to zero corresponding to the passage of the stratiform part of the MCSs. The behavior of the east component observed previously in 15 subsection 3.2 seems to be common to all GPS stations in West Africa during the passage of MCSs implying that MCSs preferentially propagate in the east-west direction (which is very consistent with numerous past studies, e.g. (Mathon and Laurent, 2001) ). On the other hand, the north component of tropospheric gradients (Fig. 13f) doesn"t show such a systematic behavior. It would be valuable to assess whether these differences in the meridional direction agree with finding from MCS tracking (using satellite data). The stronger signal is found at 20
Timbuktu where this component remains negative on average throughout the time window. This suggests that convective cells pass preferentially south of the station, a result which may be related to the location of the site, on the northern flank of the inter-tropical convergence zone (ITCZ). The signal is distinct and also weaker at all the other stations. It is noticeable thought that at Niamey, it is very similar to the one observed for the case study (Fig. 8) , which suggests that convective cells have a slight tendency to arrive at the station from the southeast 25 and then turn west.
Conclusions
The characteristics of GPS tropospheric estimates (ZWD and gradients) and post-fit phase residuals during the wet season (June to September) of the West African Monsoon have been evaluated using two different GPS data processing approaches. The first uses the double difference observations from a regional network of GPS 30 stations centered on the study area (West Africa) with the GAMIT software. The second uses the undifferenced observations in PPP mode with the GIPSY-OASIS software. Hourly ZWD estimates retrieved by both strategies are highly consistent on average (RMS difference of ~4 mm). Both processing solutions exhibit a strong seasonal modulation of the ZWD and gradients variability reflecting the presence of active moisture transport during the monsoon period. In this respect, the 5-minute sampling of ZWD and gradient estimates with GIPSY-OASIS 35 appears to be more suitable for studying rapid weather events compared to the 1-hourly ZWD and daily gradient sampling of GAMIT. Sub-daily gradient variability is shown to be quite large (1-σ of 0.6 mm on average with peaks up to 2 mm) and to represent a strong source of uncertainty in the GAMIT estimates. Mis-modelling of the Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1242 Manuscript under review for journal Atmos. Chem. Phys. The case study of the squall line over Niamey on 11 August 2006, confirmed the good sensitivity of both 5 GPS software to the ZWD variation associated with the passage of an MCS. In this case, a rapid increase of + 40 mm was observed in ZWD within the 2 hours preceding the rainfall peak followed by a decrease leading to a slightly lower final ZWD value (20 mm below the initial value). Thanks to the high temporal sampling of the gradient estimates, the GIPSY-OASIS solution provides additional information on the atmospheric anisotropy.
The east gradient component shows a strong oscillation reflecting the westward propagation of the MCS passing 10 over the station. With the GAMIT solution, the horizontal anisotropy is to some extent reflected in the post-fit residuals as could be verified on reflectivity maps from MIT"s C-band Doppler radar.
These results were extended with the analysis of composites of surface meteorological variables and GPS delay estimates at all six AMMA stations over 3 monsoon seasons (2006) (2007) (2008) . It shows a very consistent behavior in all variables during the time window of ±5 hours around the cold pool crossing times (CPCTs) of 15 414 MCS events. Qualitatively, all MCS events show a drop in surface air temperature and a jump in relative humidity and pressure at the CPCT consistent with the squall line case study and the results of Provod et al.
(2016) for Niamey. Quantitatively, there is however a clear tendency in stronger magnitude of the changes at higher latitude, i.e. on the atmospheric environment specific to each site. The dry saharo-sahelian climate of Gao and Timbuktu is prone to the steepest surface temperature drops (-9 °C) and increases in ZWD (+40 mm, i.e. 20 about 6 kg.m -2 IWV) due to moisture convergence close to the time when the cold pool arrives. However, cumulated rainfall (10 mm) and peak rain rate (3 mm.h -1 ) are smaller there than at the soudano-sahelian sites of
Ouagadougou and Niamey. This may be due to stronger evaporation of rainfall drops (Meynadier et al., 2010a) in drier climate. Furthermore at this scale, one can observe a small tendency for total column moisture to diminish after the passage of the MCS indicating that the balance between moisture convergence and 25 precipitation is negative while the opposite is actually seen at the moist soudano-guinean sites (Djougou and Tamale). Finally, the tropospheric gradients show the main direction of the propagation of the MCSs at all six sites is from east to west, consistent with climatology based on the satellite imagery (e. g. Laing and Fritsch, 1993) .
To conclude, this study showed that the GPS tropospheric estimates are relevant for climate monitoring and 30 documentation of intense weather events such as MCSs. They could also be used to assess the simulation of MCSs by atmospheric models.
6
Data availability GPS and PTU200 data of AMMA stations can be accessed at ftp://igs.ign.fr/ /pub/igs/data/campaign/amma (last access 27 November 2018). ARM-MF data can be accessed at http://www.archive.arm.gov (last access 27 35 November 2018).
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